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)s-mMARY

Frictionalheatingresultingfromflightathighspeedseffectively
reducesthevalueofambient-airtemperaturesatwhichiceformson air-
craftsurfaces.An experimentalstudywasmadeofthewet-surfacetem-
peratureandthestreamconditionsthatresultin ice-freesurfacesfor
bodiesinflightthroughicingclouds,andtheresultsobtainedarecom-
paredwithvaluescalculatedusingan analyticalmethod.Twosymmetrical
airfoilmodels,oneofdiamondshapeandtheotherof double-circular-src.
contour,wereusedintheinvestigation.ResultsarepresentedforMach
numbersfrom0.6to 1.35andforpressurealtitudesfrom25,000to 40,000

* feet.

Theexperimentalinvestigationgavevaluesofthewet-surfacetem-
peraturethatwereconsistently2°to 4°F higherthanthevaluescal-
culatedby theanalyticalmethodforsJlbuttheforemostpsrtofthe
airfoils.Theanalyticalmethodgaveconservativeresults,comparcxiwith
thee~erimentalresults,predictingtheinitialformationof iceto
ocw at valuesofambient-airtemperatureup to 12°F higherthanwere
foundexperimentally.Theexperimentsgenerallysubstantiatedtheana-
lyticallydeterminedlocationof criticalregionsonthebodiesforthe
initialformationof iceandprovidedsufficientagreementwithanalyti-
calresultstoprovetheirvalidity.

INIROIXJCTION

As flightspeedsareincreasedintothetransonicandsupersonic
regimes,thefrictionalheatingof aircraftsurfacesbecomesofconsider-
ableimportanceinreducingthesusceptibilityofthesurfacesto icing.
Atmosphericconditionsthatereregardedas extremelyhazsrdousicing
conditionsforlow-speedaircraftmaybe completelyharmlessathigher
flightspeeds.Thesetofflightconditionsprovidinga surfacetemper-
atureof 32°F fora particularpointon a bodyrunningfullywetin sn



2

icingcloudistermedtheicinglimitfor
2. Thesmalysispresentedinreference1
termtotheevaporativeandheat-transfer
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thatpointinreferences1 and
equatesthefrictionalheating
termsina heatbalancefor
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theicing-limit-conditionfora diamondairfoilintransonicandsuper-
sonicflight.Theresultsofreference1 showthata criticalregion
fortheinitialformationoficeexistsator justbehindtheshoulder
ofthediamondairfoilas a resultofthereducedpressureandconsequent
increaseintheevaporativecooUngeffectinthisregion.A limitedex-“
perimentalverificationoftheresultsoft-heanalysisofreference1 was
alsopresentedtherein.

Theprocedureusedforcalculatingtheicinglimitinreference1
wasappliedgenerallyinreference2 to obtainchartsthatwouldfacili-
tatethedeterminationoftheicingIimltat anypointona bodyinterms
ofthestreamconditions.Becausecertainoftheconditionsandassump-
tionsmadeintheanalysiswerenotknowntobe fullyapplicableathigh
flightspeeds,an experimentalinvestigationoftheicinglimitwasmade
andisreportedherein.Twoairfoilshapes,a symmetricaldiamondair-
foil~d a symmetricalcircular-arcairfoil,wereinvestigatedovera
Machnumberrangeoffrom0.6to 1.35andforpressurealtitudesfrom
25,000to 40,000feet.Thisinvestigation.wasconductedin a 3.84-by
10-inchtunnelattheNACALew5.slaboratory.

.
—..-

—.

.

.
*—

m-mom

Thefollowingsymbolssreusedin

PI-Po
pressurecoefficient,~

~2
TQOO

thisreport:

-.
—

specificheatofairat constantpressuxe,(0.24)Btu/(lb)(°F)
.—

.

diffusivityof vaporinair,

vaporpressure,lb/sqft

accelerationdueto gravity,

thermalconductivityofair,

sqf%jsec

ftjsecz

IYtu/(see)(sqft)(~/ft)

coefficientof

coefficientof

latentheatof

evaporation

transferofheat
.

vaporization,1075.8Btu/lbat 32°F .“.
9
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Machnuniber

moleculsrweightof air

molecularweightofwater

Prandtlnumber,= C$

{
staticpressure,lb sq ft
partialpressures

recoveryfactorfrom Td,.

3

vapor

(sumofdry-airandwater-vapor

statictemperature,OR

adiabaticwalltemperature,OR

minimumfree-stresmstatictemperaturecorresponding
freeconditionon surface,OR

Taylornumber= -$ = Schmidtnumber

temperature,W

velocity,ft~sec

to ice-

chordwiseposition(distantefromleadingedgedividedby chord
length)

ratioof specificheatsof air= 1.400

viscosityof air,slugs/(ft)(sec)

densityof air,slugs/cuft

Subscripts:

s surface

o free-streamconditions

1 localconditionsatedgeofboundarylayer
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Thegeneralized
relativeto anicing

.

ANALYSIS

heatbalancefora theruiallyinsulatedbodymoving ●

cloud

(1)Heat

(2)Heatdueto

isgiveninreferences1 and2 as follows:_

duetofrictional

plus

kinetd.cenergyof

effects

%waterdroplets 8

(3)

plus

Heatoffusion

equal

(4)Heatlostby convection

plus

(5)Heatforevaporationofwater

plus

(6)Heatrequiredto raisetemperatureofi~ingingwaterfrom
streamtemperatureto surfacetemperature

Theanalyticalresultsofreferences1 and2 arebasedontheuse
ofHardy’srelation(ref.~, whichisobtainedby equatingthefriction-
alterm(1)tothesumoftheconvectiveterm(4)andtheevaporative
term(5). Theheatoffusionterm(3)isequalto zeroifno iceis
formingonthesurfaceorinthewaterfilm.Thus,attheicinglimit,
forHardy!srelationtobe validterm(2)mustbe nearlyequalto term
(6)orthedifferencebetweenthetwotermsmustbe smallcomparedwith
term(1). Bothterms(2)and(6)arefunctionsoftheliquid-watercon-
tentofthecloud,and,forvaluesofliquid-watercontentusuaMyasso-
ciatedwithhigh-speedandthushigh-sltitudeflight,boththetermsare
quitesmallandofnesrlythesamemagnitud~.Thedifferencebetween
thevaluesofterms(2)and(6)islessthan3 percentofterm(1)for
thefollowingsevereflightconditions:l@chnumber,1.36jpressure
~titude,x,000 feetj ambient-airtemperature,-30°Fj andliquid-water
content,0.5grampercubicmeter.

TherelationofHardygiveninreferences1 and2 is —.

.

--

(1)
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Theratiooftheevaporationcoefficientke tothe

* efficientkh isusuallyaccepted(refs.1 to 3)as
nearlyequaltounityforwaterevaporatingintoair
near32°F. For_lminarflow,therelationisgiven

5

heat-transferco-
havinga value
attemperatures
inreference3 as

%/kh=(@@2/3.Numericalevaluationofthisrelationyieldsa
valueof approximately1.10.Forturbulentflow,ananalyticaltreatise
(ref.4) indicatesthevalueoftheratiotobe approximately1.05. An
experimentalinvestigationofthesublimationof ice(ref.5) givesa
valueof 0.90fortheratio.Becauseoftheuncertaintyof thevalueof
theratio,a valueofunity,whichrepresentsan average,wasusedin
accordwiththatusedinreferences1 and2. Inaddition,if,as assumed
inreferences1 to 3,theflowaboutthebodyoutsidetheboundarylayer
isaccoqp~shedwithno changeinphaseofthevaporor droplets,then
Dalton’slawofpsrtialpressuresappliesand e=[eo= +(-j> andin
equation(1)eJ(po - eo)maybe substitutedfor el/(pl- cl).

. Forpurposesof calculationandpresentationoftheresults,equa-
tion(1)isputinthefollowingform:

w
492=TIWTO,C -27886.

‘o,c
12.75 e.

()
PI po - ‘()

(2)

~ P. - 12.75\~o/“
Thisistheeqmtionofreference2 witha slightlydifferentvalueof
theconstant.Theicing-limittemperature(free-streamstatictempera-
ture,To,c)wasdeterminedinreference2 asa functionoftheparam-
eterspll~o,c)+ + % r@ and @o ‘or‘titudes‘iom‘ealevel
to 45,000feet,themaximumprobableicing-cloudaltitude.In addition,
chsrtswerepresentedfortherapiddeterminationoftheparameter

(@o,.) ( )x 1 + ~ rM~ fromthestreamandflowconditionsabouta body.

Theexperimental.investigationoftheicinglimitconsistedessen-
tiallyindeterminingthevalueofthestreamstatictemperaturesat
whichicewouldfirststarttoformon,or justbe removedfrom,a sur-
facein a high-velocitytirstream.Forthispurpose,a symmetricaldia-
mondairfoilanda symmetricalcircular-arcairfoil,eachhatinga chord
lengthof 6 inchesanda thickness-to-chordratioof 6 percent,were
usedinthestudy.Bothairfoilmodelsweremadeofbrasssndwerepro-
videdwith11 static-pressuretapsinthechordwisedirection.A trans-

. parentplasticinsert,whichformedarelativelylarge(lby 5 in.)
portionofthecentralpartof eachairfoil,providedan insulatedregion
freefromconductioneffectswherelocal.surfacetemperaturescouldbe

.
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determined.Theratioofthethermalconductivityofthe lasticinsert
~tothatoftherestofthemodelwasapproxlmatel.y2.5x10-. Fifteen

thermocoupleswerelocatedinthesurfaceoftheplasticina chordwise c’
directionpxralleltothestatictaps.Aqhotographofthecircular-arc
airfoilmodelshowingthestatictaps,theplasticinsert,andthether-
mocouplesispresented@ figure1. Thediamondairfoilwasof 8iJKUer
constnction.

A schematicdiagramofthe3.84-by 10-inchtunnelinwhichtheex-
perimentswereconductedisshowninfigure2. Onewallofthetest
sectionwasofglassforthepurposeofobservingtheformationofice
ontheairfoilmodels.Permanentinstrumentationofthetunnelincludes
static-pressuretapsalongthetopandbottomwallsofthetunnelsnd .
pressuretapsandthermocouplesintheplenumchsmher.Theairfoil
modelsweremountedon a potiholeinthetunnelwallthatwasalsopro-
videdwithstatic-pressuretaps.

Theairforthetunnelwasprovidedfroma centralsupplysystem
atthefollowinginitialconditions:pressure,10poundspersquare
inchgagejtemperature,-20°Fj andhumidityratio,approximately3.0x10-4 -
poundsofwatervaporperpoundof dryair. Bymeansofelectricand
stem heatersanda controlvalveattheinlettotheylenumchauiber,the
airwasconditionedtothedesiredvaluesoftemperatureandpressureat ‘
thetunneltestsection.

A sensitivedewpointmeterwasusedto determinethefrostpointtem-
peratureofa continuoussampleofti fromthetunnelplenumchsmiber.

An air-atomizingspraynozzle,locatedapproximately18 inchesup-
streamofthemodelas showninfigure2,-wasusedtoprovidelocal
valuesoftheliquid-watercontentoftheairfrom0.5to 7.0gramsper
cubicmeteratthemodel.Theliquid-watercontentoftheairwasesti-
matedfrommeasuredvaluesofwater-flawratetogetherwithdeterminations
ofthevolumeflowofairthroughtheobservedareaof spraycoverage.
ThevoMxne-me&indropsizewasestimatedtobe approximately15microns
frompreviousexperimentswithdimensionallysimilarnozzlesinthe6-
by 9-footicingresesrchtunnel.A calculatedvalueforthemeandroplet
diameterof approximately18micronswasobtainedusingtheconditionsof
theexperimentsinsn empiricalequationofNuldyamaandTanasawa
(ref.6).

MEJ?HODANDPROCEMJRE

Theicinglimithasbeendefinedas“thesetofflightconditions
whichprovidesa [wetandicefree]surfacetemperatureof 32°F fora
particularpointonabodytravelinginan icingcloud”(ref.2). The

.

generalequation(1)doesnotincludethe32°F surfacetemperature
v—
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restriction,andcanbe checkedatother
. plicationofthegeneralequationtothe

7

temperatures.Thespecificsp-
icinglimitaddsno complication,

exceptthat,fortheexperimentalinvestigation,a slightamountof ice
mustformto enablethedeterminationoftheicinglimit.Thus,experi-
mentallythereleaseoftheheatoffusionofa smallamountof iceoccurs
butisnegligibleandisnotconsideredintheanalysis.

Theexperimentalprocedureconsistedinoperatingthetunnelat con-
stantconditionsofpressurealtitude,Machnutier,andfree-streamvapor
concentration,whilethetemperatureof theairattheplenumchamberwas
controlledto achievethedesiredtemperatureconditionsatthemodel.
Measurementsofsurfacetemperaturewereobtainedforboththewetand
drysurfaceconditions.TBedrysurfacetemperaturemeasurementswere
takeninorderto obtainvaluesoftherecoveryfactorusedin equation
(1).Theexperimentalvalueoftheicinglimitwasdeterminedforeach
Machnuniberandpressurealtitudeconditionby firstselectinga value
ofplenumairtemperatureforwhichicewouldformonthemodel,and
graduallyincreas@gthetemperatureuntiltheicewouldno longerform.
No appreciableaccumulationof icewasallowedto formonthemodel.,as
thelocalpressurechangescausedbytheroughiceareconduciveto the
formationofmoreice,andtheformationofmorethanminutequantities
oficewouldrequirethattheheatof fusionbe consideredintheinves-
tigation.Thevalueoftheplenumtemperaturethatcorrespondsto the
icing-limitconditionswasthenusedto determinethevalueoffree-
streamstatictemperatureonthebasisof a dry-airadiabaticprocessto
be comparedwith~heanalyticalresultsofrefffences

RESULTSANDDISCUSSION

Severalfactorsinfluencedthesizerequirements

1 and2.-

consideredinthe
designoftheairfoilmodelsusedfortheinvestigation.Problemsaris-
ingfromthemodelinstrumentationandmcnmtingofthemodelsinthe
tunnelsothaticingofmountingdeviceswouldnotbe a sourceof diff-
icultyreqplredthatthemodelsbe ofrelativelylargesize. However,
athighairvelocities,aneffectontheflowfieldaboutthemodelre-
sultsiftheratioofmodel-to-tunnelcross-sectionalCUmensionsislarge.
As measuredvaluesofthelocalstaticpressuresweretobe usedinthe
determinationoftheicing-limitconditions,itwasnotnecessary,how-
ever,thattheflowfieldaboutthemodelbe completelyfreefromtunnel
walleffectj and,therefore,somedesigncompromisewaspossibleinthe
sizeofthemodels.

ChordwiseVsriationofEressureDistribution
.

Pressuredistributionsonthemodelsfor ~ = 1.35 areshownin
figure3. ThepresswecoefficientCP ispresentedasa functionof.
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thechord
relations
reflectell
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positionforthetwomodels,andcorrespom3ingtheoretical
arepresentedforcomparison.T~~leading-edgeshockwaveis
by thetunnelwallsandintersectsthemodelsat approximately

the70-percent-chordposition.Theeffectonthelocalstaticpressure
is quitesevereintheticinityofandbehindtheshock-waveintersection.
Somedataobtainedinthisregionareincluded.throughout,thereportto
showtheresultsofthisdisturbanceb theflowfield
temperature.

ChordwiseVsriationof

h orderto calculateicing-limit
ratevaluefortherecoveryfactorr

RecoveryFactor

temperatures,a
mustbe usedin

onthesurface

reasonablyaccu-
equation(l).The

recoveryfactoris a functionofthebodyshapeandalsodependsupon
whether-theflowislaminarorturbulent;Forusualbodys~apes,;he
valueoftherecoveryfactorisbetween0.84(lsminsr)and0.90(turbu-
lent)(ref.7). Theextremesofthisvariationaresufficientto change
thevalueoftheicinglimitdeterminedfromequation(1)by several
degreesFahrenheit.Therefore,valuesoftherecoveryfactorforeachof
theairfoilmodelswereexperimentallydeterminedforsubsonicandsuper-
sonicconditionsovera rangeofpressure~titude.Both10CS3surface
temperatureandlocalMachnumbervalues&e req&redforthedetermina-
tionoftherecoveryfactor.As thechordwisepositionofthethermo-
couplesandpressuretapsdidnotexactlycoincide,valuesof surface
temperaturecorrespondingtothestatic-tafilocationwereobtainedfrom
plotsof surfacetemperatureagainstchordwiseposition.Thus,the
recovery-factorvaluescorrespondtothechordwiselocationofthestatic
tapsonthemodel.Theuseoffairedvaluesof surfacetemperaturegave
moreaccurateresultsthancouldbe obtainedwithfairedvaluesof static
pressureorlocalMachnumber,becausethenumberofthermocoupleswas
greaterthanthenuniberof static-pressuretaps.

Figure4 showsrecoveryfactorasa fwctionofthechordwiseposi-
tionfor.thediamondairfoilmodelat valuesofthefree-streemMachnum-
berof 0.8andl.35.At thelowerMachnumbercondition(fig.4(a)),the
valueoftherecoveryfactorwasapproximately0.86overthefronthalfof
themodeland0.87overtherearhalf. Forthesupersoniccase(fig.
4(b)),thevalueoftherecoveryfactorwashigher,averagings~ghtly
greaterthan0.88overthefrontsurfaceandapproximately0.89forthe.-
resrsurface.

Valuesoftherecove~factorobtainedwiththecircullxu?-arcairfoil
atMachnunibersof0.6,0.8,and1.35at30,000-feetpressurealtitude
areshowninfigure5(a).Therecoveryfactorshowsa slightlyhigher
valueatthehigherMachnunibers.Figure5(b)presentsthecirculsr-arc-
airfoilrecoveryfactorfora Machnumberof1.35forpressurealtitudes
from25,(X3Oto 40,000feet. Figures4(a)and(b)and5(b)showthat,for

.—

*

Y

—

3

.
*

.—

—.

.

.
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boththediamondandthecircular-arcairfoils,theeffectofincreasing
“ airdensity(decreasingpressurealtitude)onthevalueoftherecovery

factorissimilartotheeffectofincreasingMachnumber,andbothmight
thusbe describedasReynoldsnumbereffects.However,fortheReynolds
numberrangeOft~s investigationa~ost theentfiec~rd len@h ofthe
airfoilisinthetransitionregionfromlaminartoturbulentflow,and
anyincreaseinReynoldsmntiberresultsina moreturbulentregimewith
consequentincreaseintherecoveryfactor.

Therecoveryfactorobtainedwhentheoccurrenceoffullyturbulent
flowisaccelera.tedbyroughnessneartheleadingedgeis shownin fig-
ure5(c).A bandofnumber80 grit,3/16inchwide,wascementedtothe
modeljustbehindtheleadingedgetopromotetheincreasedturbulence.
Therecoveryfactorbehindtheroughenedsurfaceis0.87atthefirst
pointofmeasurement,as comparedwith0.845obtainedwiththesmooth
surface.Theincreaseinrecoveryfactorduetoroughnessdiminishesas
a functionofthedistancefromtheleadingedge,showingthatalmost
fullyturbulentflowexistsatthemidchordpositionwithoutroughness.

.
Therecoveryfactorcanbe determinedonlyfora drys~facejthere-

fore,theeffectofa surfacewaterfilmcannotbe evaluated,butshould
. be ofno greatermagnitudethanthatexperiencedwiththeleading-edge

roughness.ForboththediamondandM.rcular-wcairfoils,a valueof
0.88fortherecoveryfactorwouldseemtobe applicableforconditions
involvingsomeroughnessduetowaterfilmoriceforallbutthevery
foremostregionsoftheairfoils.

DiamondAirfoil

Surfacetemperatureandicinglimit- rearsurface.- Theexistence
ofa criticalregionfortheformationof icejust%ehindtheshoulder
ofthediamondairfoilwaspredictedandexperimentallysubstantiatedin
reference1. A similarresultwasexperiencedduringthepresentinves-
tigation,ad a photographoficeformedontheresrsurfaceoftheair-
foilmodelisshowninfigure6. Conductionofheatfromthetunnel
wallsandfromtheunwettedregionsofthebrassportionofthemodel
preventedtheformationof iceon anypartofthemodelexcepttheplastic
insertandareasimmediatelyadjacent.

Experimental.valuesofthewet-surfacetemperaturebehindtheshoul-
derwereoftennotobtained,becauseasthewaterfilmflowedoverthe
shoulderitdividedintorivuletsthatfrequentlymissedthethermocouples
entirely.

. Forboththediamondandcircular-arcairfoilmodels,theexperi-
mentalandanalyticalresultscouldbe evaluatedintwoways. First,the
temperatureandflowconditionsthatwouldresultinthefirstslight

.
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formationoficeata pointonthe-ace ofthemodelwereegperimen-
tsllydetermined,fromwhichthevalueofthefree-streamstatictemper-
ature

‘o
wasdeterminedfromcompressibleflowrelations.Analy-ti- *—

calvaluesofthefree-streamstatictemperatureto,c fromreference
2 (wheneverapplicable),whichwerealsodeterminedforthelocalcon-
ditionscorrespondingtothelocationoftheiceformation,arepresented
withtheexperimentalvaluesinthefigures.Inaddition,foreachof -
theicing-limitconditions,themeasuredsurfacetemperatureso%tained
overthemodelarepresented,togetherwithcurvesshowingthesurface $
temperaturevsriationcakulatedwithequation(1)foreachpointof s
measurementoflocalstaticpressureonthemodel,withthevalueof to
determinedfromtheexperimentsassuminga dryadiabaticprocess.

Measuredsurfacetemperaturevaluesobtainedat ~ = 0.8 fortwo
valuesofpressurealtitudesxeshowninfigures7(a)and(b)forthe
icing-limitcondition(streamtemperatureforwhichicejuststartsto
form)● Includedalsoarethecalculatedsurfacete~erature(eq.(1))
andthelocationoftheiceformationintermsof chordwiseposition.A
valueof0.88wasusedfortherecoveryfactorinmakingthecalculations.

4

A fuKlywettedsmfaceconditionprevailsoverthefrontfaceofthedia-
mondairfoil,andthecalculatedsurfacetemperaturecurvecloselyapprox-
imatesthemeasuredvalues.Inthe’regionneartheleadingedge,theuse -
ofa lowervalueoftherecoveryfactorwouldresultin closeragreement
withthemeasuredvalues.

Thecriticalregionattheshoulderishighlylocalizedinthecase
ofthesubsonicfree-streamcondition,andconductionofheatfromother
partsofthemodelwouldtendtolimitthetemperaturereductioninthis
region.Theconductioneffectcouldthusbe partlyresponsibleforthe
factthat,atthevalueoffree-stresmstatictemperatureforwhichice
justbeganto formontheairfoil(surfacetemperatureof 32°F atshoul-
der)Jthevalueofthecalculatedsurfacetemperaturewassomewhatbelow
thefreezinglevel.Ingeneral,valuesofcalculatedsurfacetemperature
lelow32°F donothavemuchsignificanceotherthanto indicatetheloca-
tionofanice-fo?nnationregion;and,therefore,thecurvesme shownas
dashedlinesbelow32°F. Forequation(1)tobe applicable,thesurface
mustbe ice-free;=d, therefore,valuesofthecalculatedsurfacetem-
peraturebelowthefreezinglevelindicatethetemperaturethatsuper-
cooledwaterwouldassumeifitexistedonthesurface.

Highvaluesofthemeasuredsurfacetemperaturebehindtheshoulder
resultfromtherivuletnatureoftherunbackwaterflow,thesurface
beingonlypartlywet. Ingeneral,thethermocouplesthatwereobserved
tobe wettedbya rivuletreachedanequilibriumwet-surfacetemperature
thatwasunchangedby increasingthewaterflow.ForthesubsonicI?*
oftheexperimentalinvestigation,thefree-streamhumiditywasconsi,der-

.

ablybelowthesaturationvalueforthestreamstatictemperature.There-
fore,no directcomparisonofthefree-sti~smstatictemperatureforthe ●
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icing-limitconditioncanbe madewithresultsobtainedfromreference2,
whichappliesonlyforsaturatedfree-stresmconditions.However,the
sgreementbetweenthecalculatedandmeasuredsurfacetemperaturesover
thefullywetportionsofthesurfaceandtheformationof iceatthe
predictedcriticalregionprovidesufficientproofthatthecalculation
methodisapplicableatthe0.8Machmmibercondition.

Theresultso%tainedwiththedlsmond&foil fora supersonicfree-
streamMa numberofapproximately1.35forpressuresltitudesof 25,000
to42,000feetsrepresentedinfigures7(c)to (f). Forthefullywetted
regionofthefrontface,thecalculatedsurfacetemperaturesapproximate
themeasuredvaluesverywell,thecalculatedtemperaturegenerallybeing
up to ~ F lowerthanthemeasuredvalue.

Theforwsrdexhemityoftheobservediceformationwasconsidered
asthepointcorrespondingtothe~ointdeftiedintheicing-limitdefi-
nition,andthefree-streamstatictemperature(icinglimit)wasdeter-
minedfortheconditionsexistingatthatpointfromreference2. The
valuessoobtainedarepresentedinthefigurelegendstogetherwiththe
experimentallydeterminedfree-streamstaticteqerature.Theexperimen-
talvalueis from4° to 8°belowthevaluedeterminedfromreference2.
Thethermocoupleslocatedintheregionscorrespondingtotheobserved
chordtisepositionoftheIcelocationsforthemostpsrtdidnotind3_-
catefreezing-leveltemperatures.Thisdiscrepancyintheresultswas
apparentlycausedby thepartlywettednatureofthesurfaceandconse-
quentincompletespanwisedevelopmentoftheiceformation,whichwere
thusnotalwaysdirectlyoverthethermocouplejunctions.

Measurementsofthedewpointoftheairstreamindicatethatthe
relativehumidityoftheairstresmatthetestsectionvariesfroma
somewhatsupersaturatedconditionat 25,000-feetpressurealtitudeto a
relativelydrycondition(relativehumidityapproximately15percent)at
40,000-feetpressurealtitude.Evaporationfromthedropletsinthe
sprayandmoistureaddedto thestresmby the* fromthespraynozzle
tendto increasethehumidity10CSJJ.Yandwouldresultina morenesrly
saturatedstreamatthemodel.Becausethestatictemperaturesarelow
forthesupersoniccondition(from-20°to -50°F),thetotalwatercon-
tentoftheairforcompletesaturationis lowandlocalsaturationmay
be accomplishedby theadditionof onlysmallamuntsofwatervapor.

Thesimilarityoftheresultsat sJlthealtitudeconditionsin-
dicatesthattheeffectofinitialhumitityofthesmbientairatlow
statictemperatureissmall.Theresultspresentedinthefiguresshow-
ingcalculatedsurfacetemperatureswereobtainedbyusingvaluesof
vaporpressuredeterminedfromhumiditymeasurementsofairs~les taken
fromtheplenumchamber.In orderto determinethepossibleeffectof
changeinhumiditybetweenthepointof’measurementandthemodel,some
additionalcalculationsof surfacetemperatureweremadewiththefree
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streamconsideredasatthesaturationhumidity.Forthesupersonic
freestream,thecantitionof saturationatthemodelrepresentsa de-
creaseinthevaporcontentforthe25,000-f’ootpressurealtitudecon-
ditionandanincreaseinvaporcontentfor--the42,000-footpressure
altitudecondition.Theresultsofthesec~culations“ofthesurface
temperatureshowa decreaseoflessthan0.5°F forthe25,000-footpres-
surealtitudeconditionandanincretieintemperatureof approkimatel.y
1.4°F atthe42,000-footcondition,as shownby thedashedlinein
figure7(f).

8urfacetemperatureandicinglimit- frontsurface.- Obtaining
dataontheicingoftheforwardsurfacesofthedismondairfoilnecessi-
tatedreduction~ftheairtemperatureto valuesconsiderabl.ybelowthe
icing-limittemperaturefortherearsurfaces.Consequently,ictngof
therearsurfaceswasoccurringsimultaneously,anditwasnecesssryto
obtainthedatarapidlybeforetheiceaccumulationontherearsurfaces
wassufficientto affecttheflowfieldovertheentireairfoil.The
generalicing-limitdefinition,fora particularpointonthebody,does
notexcludethepossibilityoftheexistenceoficee=ewhereonthebody>
iftheformationofsuchicedoesnotrequiretheinclusionoftheheat
offusiontermin’thecalculationsforthepointin question.Thepoint
onthesurfacecorrespondingtotheconditionsoftheicing-li~tdefi-
nitionisthepointwhichisata temperatureof 32°F andthereforeat
thenewlyformingedgeoftheiceformation.

.

.

.

.

—

As the,airtemperaturewasreduced,iceontheforwardsurfaces
formedfirstintheregiondirectlybehindtheleadingedge,andfurther
reductioninthestreamtemperaturecausedtheiceto extendfartherback
towsrdtheshoulder.Thus,thepointonthesurfaceforwhichtheicing-
limitdefinitionappliesistherearwsrdextremityoftheiceformation.
Figwe 8 showsthechangeintherearwsrdextentoftheicingfortwoair
temperaturesattwopressurealtitudes.Foreachofthestreamconditions
shown,thecalculatedsurfacetemperatureinticatesthattheregionjust
aheadoftheshouldershouldbemoresusceptibleto icingthananyother
partoftheforwardsurface.However,theoccurrenceoficeformations
firstnesrtheleadingedge,andtherearwardmovementoftheicingwith
reductioninairtemperaturemayprobablybe causedby thelowerrecovery
factorneartheleadingedgeandbythehighratesofheattransferand
evaporationccmibinedwitha value forthe~tio of k~kh gr=tert~n
unityiflsminarflowexistsinthisregion.Theresultsofreference2
applystrictlyonlytoturbulentflow,andthechangesinrecoveryfactor
andheatandmasstransf=thatoccurintheleading-edgeregion=e not
includedintheanalysisofreference2.

Valuesofthemeasuredsurfacetemperaturewere
freezingpo~ntfiORIthefor~st th~couple tothe
ofthefront-faceiceformationandshowedincreases

generallybelowthe
rearwardextremity .
to slightlyabove

,



NACATN 3396
.

thefreezingpoint& oftheiceformation.Thecalculatedsurface
. temperaturesoverthefrontfacewerelowestatmidchord,andshowed

generallyincreasingvaluestowardtheleading-edgeregion,although
consistentlybelowthefreezingpointovertheentirefrontface. At
theexperimentallydeterminedlocationofthepointcorrespondingto the
icing-limitconditions,thecalculatedsurfacetemperaturesweregener-
allyZOto4°F belowthefreezing-pointtemperature.Thecalculations
oftheicinglimitfromreference2 forthisregionindicatetheoccur-
renceoficingatfree-stresmstatictemperatures3°to 10°F higherthan
werefoundexperimentally.

circulsr-Arc tifoil

Impingement.- Onthecircular-arcairfoil,directimpingementof
thewaterdropletsoccurredonlyoverapproximatelythefirst30percent
of chord.Behindtheimpingement-region,surfacetensionandviscous
forcescausedtherunbackwaterto sepsrateintorivulets.M thisin-

. vestigationwasconcernedprimarilytiththetemperaturesofwetsurfaces}
itwasnecesssrytoprovidesufficientrunbackwata toresultinnearly
fullywettedsurfacesbehindthelimitof impingement,eventhoughhigh
valuesofliquid-waterconcentrationwererequired.Althoughtheeffect
onthesurfacetemperatureofincreasingtheliquid-waterconcentration
is similarforthecircular-arcandthediamondairfoils,thesmaller
dropletimpingementareamakestheeffectofpartialwetnessofthesur-
faceaftofthelimitofimpingementmoreapparentforthecirculsr-arc
airfoil.

Measuredvaluesofthesurfacetemperatureforseveralvaluesof
liquid-waterconcentrationatMachnruibersof 0.8and1.35areshownin
figure9 forthecircular-arcairfoil.Theapproximatelimitof’droplet
impingementis includedinfigure9(a).Thesurfacetemperaturesasso-
ciatedwiththelowerliqyid-waterconcentrationssrehighbecausethe
surfacestitofthelimitofimpingementaredryoronlypartlywet.
Valuesofliquid-watercontentofapproximately5 fyamspercubicmeter
wererequiredatbothMachnuniberconditionstoprotidea continuousfilm
ofwaterovertheairfoiltothe60-pecrcent-chordposition.Thereduction
insurfacetemperaturewithincressein liqyid-watercontentshowninfig-
ure9 occurredonlyastherivuletscovereda greaterpercentageofthe
surface,andan equilibriumtemperaturewasreachedwhenthethermocouple
junctionbecamewet. Theequilibriumcondttionisapproachedformostof
thethermocouplelocationsatliquid-watercontentof7.0gramsperczibic
meter(fig.9(a))at ~ of0.8. Itwasnecessaryto obtdn dataonly
whenobservationoftheairfoil.surfaceindicatedthatthethermocouples
intheregionunderstudywerewet. Infigure9 andthefiguresfollow-.
ing,anyincreaseintemperatureas a fuhctionof chordwisepositionaft
ofthemidchordpositionmustbe consideredtobe causedby an incom-

. pletelywetsurfaceatthethermocouples.
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Theincr”easeintemperature
9(a)(~ = 0.8)withincreaaein
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.

nesrtheleadingedgeshowninfigure
thevalueoftheliquid-watercontent .

from3.9to 5.7gramspercubicmetercouldbeduetothekineticenergy
ofthedroplets,butprobablyresultsfromthefactthatthestream
statictemperaturewashigherthenthesurfacetemperature.Becausethe —

stresmhumiditywasquitelowatthesubsonicMachnumbercondition,as
discussedinthesectionDiamondAirfoil,a largeevaporativecooling
effectonthemodelexisted,withtheresultthattheicing-limitcondi-
tionoccurredathighvaluesofthestreamstatictemperature.Thus, &
thespraywaswsrmcompsredwiththesurface.At thehighliquid-water

~-

concentrations,a finitetimeanddistancewererequiredfortheevapo-
rationatthesurfaceofthewaterfilmto cooltheremainingwaterto
theequilibriumsurfacetemperature,withtheresultthattheprocess
wasincompleteattheforwardstations.Thereasonspresentedforthe
increaseintemperatureneartheleadingedgeatthe0.8Machnunibercon- —

ditionaresubstantiatedbythe1.35Machnumberresultsof figure9(b).
Theincreaseintemperatureis lessatthehigherMachnuriberand,there-
fore,is~robablynota resultofthekineticenergyofthedroplets.An ,-

estimateofthecoolingcausedby theexpansionofthespray-nozzleair .
andtheevaporationfromthedroplets(fromtheresultspresentedinref.
8) indicatesthatthedropswouldapproachthestreamstatictemperature,
whichislowerthm thesurfacetemperature,andthuswouldnotraisethe “ ‘–
leading-edgesurfacetemperatureatthe1.35Machnumbercondition.

9urfacetemperatureandicinglimit.- Figure10presentsmeasured
surfacetemperaturesobtainedwiththecircular-arcairfoil,together
withcalculatedsurfacetemperatures(r= 0.88)andobservedice-
formationlocationsforMachnumbersof0.6,0.8,and1.35atpressure
altitudesfrom25,000to40,000feet. Includedineachfigureforthe
30jO00-footpressurealtitudeconditionisthesurfacetemperatecalcu-
latedwithvaluesoftherecoveryfactorcorrespondingapproximatelyto
thevariationwithchordtisepositionsh~ infigure5 (figs.10(b),
(e),and(h)).

—

Theresultsshowninfigures10(a)to (f)me forsubsonicfree-
streamMachnuniberconditions.Theminimumcalculatedsurfacetempera-
tureoccursat ornearthemidchordposition.However,icewasobserved
to formfirstintheregionjustbehindtheleadingedge,andtheminimum
valueoftheme~ed surfacetemperaturealsooccurredinthisregion.
Neartheleadingedge,theexistenceofa laminsr-flowregionwiththe
resultinghighconvectiveheat-transferandevaporationrates,combined
witha valuegreaterthanunityfortheratiooftheevaporationand
heat-transfercoefficient,probablyaccountsformostofthedifference
betweenthemeasuredsurfacetemperaturevaluesandthesurfacetempera-
turescalculatedlyequation(1)withvaluesfortherecoveryfactoras
a functionof chordwiseposition.Observationoftheairfoilduringthe
initialperiodoficeformationdisclosedthat,atthehigheraltitude
conditions,icecrystalsformedinthewaterfilm,slidbackalongthe



NACATN 3396

surface,anddisappearedapparentlyfrommeltingratherthanfrom
off. Becausethehumidityoftheairstreamwasverylowandthe.

.

15

blow-
amount

ofwatervaporrequiredforsaturationwasnot negligible,thesubsonic
resultsobtainedwiththecircular-srcairfoilmodelmaynotbe compared
directlywiththefree-streamichg-limitteqeratureresultsofrefer-
ence2,whitiapplyonlyiftheairstreamis saturated.However,the
surfacetemperaturescalculatedwiththemethodemployedinreference2,
butwithvsluesofthevaporpressurecorrespondingto thehumiditymeas-
urementsmadeduringtheexperiment,showreasonableagreementwithmeas-
uredtemperaturesovertheforwardregionsoftheairfoil(figs.10(a]
to (f)).

Theresultsobtainedforseveral.pressurealtitudesat a Machnum-
berof1.35areshownin figures10(g)to (J). Icewasobservedtoform
firstintheregionjustbehindthemidchordposition.Measuredandcal-
culatedsurfacetemperaturesbothshowagreementasto thelocationof
thecriticslregionfortheinitialformationof ice. Surfacetempera-
turesverynearthefreezingpointweremeasuredinthevicinityofthe
icelocationateachofthealtitudeconditions.Cshulatedsurfacetem-
peraturesapproximate~4°F belowthemeasuredtemperaturewereobtained
inthecritical.region.Thetrendofthemeasuredsurfacetemperatures
to valueslowerthanthecalculatedtemperatureintheleading-edgere-
gionisapparentinfigures10(g)to (j)as itwasinpreviousfigures
forboththediamondandcircular-sxcairfoilnmdels.Theicing-limit
temperaturesto,= basedonthelocationoftheice,includedinthe
figurelegends,showthatreference2 predictstheformationof iceat
temperaturesfrom7°to 12°F higherthantheexperimentallydetermined
Iimitihgtemperature.Theoccurrenceoftheiceformationnearthe
reflected-shockintersectionandtheslopeofthecalculatedsurfacetem-
peraturecurveindicatethattheicemighthaveformednearerthetrailing
edgeandata higherstreamtemperatureif theshockhadnotbeenpresent.

GeneralComparisonofCalculatedandExperimen&lResults

Theexperimentaldatapresentedhereinshowthattheresultsofref-
erences1 to 3 maybe appliedgenersJLyovera considerablerangeof
pressurealtitudeandMachnumberconditionsto givereasonablygoodpre-
dictionofthewet-surfacetemperatureortheambient-airtemperature
thatwillresultinicingatanypointona body. Comparisonoffigures
7 to 10 showsthatcalcula.tedwet-surfacetemperaturesforsllhutthe
foremostregionsoftheairfoilsweregenerally2°to 4°F belowthemeas-
uredsurfacetemperaturesinthefullywettedareasoftheairfoil-s.In
addition,predictionsmddefromreference2 ofthemsximumanbient-air
temperaturethatwillresultin icingwereindicatedtobe conservative
in everycase(icingofthesurfaceoccurredatELlowermaximumairtem-
peraturethanindicatedfromtheresultsofref.2). Althoughthesere-
sultsshowsufficientlygoodagreementto verifytheuseof theanslfiical.
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methodandresultsofreference2,itisofinterestthatthecalculated
valuesof surfacetemperatureforallbuttheleading-edgeregionare
consistentlybelowthemeasuredvalues.Observedicingusuallycoincided ‘ -
withvsluesofthemeasuredsurfacetemperatureverynearthefreezing
point.

Factorsthatwouldresultinhighervaluesofthemeasuredsurface
temperaturethanwouldbe indicatedby thecalculationsare:

(1)Transferofheatby conductionthroughmodelfromtunnelwalls s
andunwettedportionsofmodel $

—

(2)Heatgainedby radiationfromsurroundingsurfaces

(3]Heatduetokineticenergyofdroplets

(4)Heatgainedfromdropletsformedfromroom-temperaturewater
thatdidnotreachequilibriumwithstaticairtemperaturesat
supersonicMachnumbercondition *

(5)Highfree-streamstatictemperaturead spraytemperatureat
icing-limitconditionforsubsonicconditio~as a resultoflow
streamhumidity

-

Theconductionofheatthroughthemodelwasminimizedbytheuseofthe
plasticinsertoflowthermalconductivityandbythefactthattheplas-
ticmaterialwasnotbondedtothemetalportionsofthemodel.Forthe
temperaturedifferencesbetweenthemodelandthesurroundingsthatex-
istedduringtheexperiments,theheatgainedbyradiationissoslight
astobe ofno consequence.Theeffectoiitems(3)to (5)wouldbe
highervaluesofthesurfacetemperatureintheimpingementregionasa
functionoftheliquid-watercontentoftheair. A discussionofthese
factorsforthecaseofthecirculsr-srcairfoilwaaincludedinthedis-
cussionofthat-airfoiljandtheresultsforthediamondairfoilwould
be similar,exceptthattheimpingementregioncoverstheentireforward-
facingsurfaces.An additionalfactorthatreducedthetemperatureread-
ing nearest theleadkg edgeby a~roximately1°F wasthespray-nozzle
airjet,whichwasgenerallyata lowertotaltemperaturethanthestream.
Theeffectelsewhereonthemodelwasneg13.gible.

Inadditiontothefactorsdiscussedintheprecedingpsragraphthat
havean effecton themeasuredsurfacetemperature,thereareseveralas-
pectsofthesmalyticalmethodthatcoulifalsocontributeto thediffer-
encesbetweenmeasuredandcalculatedvalues.Intheanalysisusedhere-
inendforreferences1 to 3,theassumptionhasbeenmadethatinthe
regionjustoutsidetheboundarylayertheairmaybecomesupersaturated
withwatervaporbutcondensationofthevapordoesnotoccur.Herdy

.

(ref.3)tiscussesthepossibfitythatsuchcondensationmayactually
.
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occur,however.If suchisthecase,thenthevalueofthespecific
. heatusedto determinethelocalstatictemperaturemustbe altered

commensurate‘withtherateof changeofphaseofthevapor.Calcula-
tionsmadeusingtheexperimentaldatafortheconditionsresultingin
thehighestde-e of saturationofthefreestreamandconsideringcom-
pleteandinstantaneouscondensationofsJLwatervaporin excessof
saturationresultedina small{0.5°F) increaseinthevalueofthe
calculatedsurfacetemperatureatthefirstthermocouplestationanda

~ 1.1°F increasejustafterthemldchordposition.
2 Thevalueofunityfortheratioofthecoefficientsofmassand

heattrsnsferhasbeenwidelyusedandaccepted,butexactagreementhas
notbeenshownexperimentally.Thustheuseofthevalueofunityfor
thisrelationin equations(1)and(2)mayalsocontributetothecon-

$ sistentdifferencebetweenmeasuredandcalculatedvslues.

Theanalyticaldeterminationofthefree-streamstatictemperature
attheicinglimitissomewhatmoresensitivetothevalue usedforthe

. ratio ~~ thanistheanalyticaldeterminationofthesurfacetem-
perature.Forexample,a 10-percentchangeinthevalueoftheratioat
~ of1.35 andpressurealtitudeof 30,~ feetwould”causea dhangeof
approximately3.5°F inthevalueof to,c thatwouldbeobtainedbythe
methodofreference2,andwouldcausea changeof approximately1.5°F
inthevalues ofthecalculatedsurfacetemperatures.A reductioninthe
valueoftheratiocausesthecalculatedvaluesof to,c and ts to ay-
proachtheexperimentalvalues.

SUMMARYOFRKXJIDS

Thetwofoldexperimentalinvestigationsto determinethewet-surface
temperaturesonbodiesin subsonicandsupersonicairstreams,together
withdeterminationofthestresmconditionsforwhichicewilljuststart
to formon thesurfaces,yieldedthefollowingresults:

1.Measuredvalues ofthewet-surfacetemperaturewereconsistently
2°to 4°F higherthsmwerecalculatedtithequationsgiveninreferences
1 and2 togethertithexperimentalfree-streamstatictemperaturesfor
allbuttheforemostpartofthefullywettedregions.ofthemodels.

2.Agreementbetweentheexperimentalandsmalyticalresultsshows
thattheresultsofreferences1 and2 =e sufficientlyaccuratetobe
appliedgenerally.Calculatedvaluesoftheicing-limitconditionswere
consistentlyconservativecomparedwiththeexperimentalresults,pre-.
dietingtheformationoficeat valuesofambient-airtemperatureup to
12°F higher~d at anaveragevalue70 F higherthanthevaluesdeter-

. minedbyexperiment.
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3.Thelocationsofanalyticallydetermined.
susceptibletotheinitialformationoficewere
by experiment.An exceptionwasobservedin
wc airfoilmodelat subsonicairspeeds,for
iceformationoccurrednew theleadingedge
regionaspredictedanalfiicald.y.
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